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Research highlights 23 
 24 

• Pulse-dosed coagulant inadequately suppressed transmembrane pressure (TMP) rise 25 

• Pulse dosing of submicron-sized powdered activated carbon (SSPAC) was effective  26 

• TMP rise was not suppressed by short-term precoating and filtration with high flux 27 
• Dosing coagulants throughout filtration is recommended to suppress TMP rise  28 
• Basicity of coagulant PACl affects TMP rise when SSPAC is pulse-dosed 29 
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ABSTRACT 34 

Submicron-sized powdered activated carbon (SSPAC, diameter 200 nm) dosed in a pulse 35 

after coagulation pretreatment has recently been found to effectively mitigate membrane 36 

fouling and thus to suppress the rise of transmembrane pressure (TMP) in the 37 

microfiltration process because SSPAC has a higher capacity to adsorb membrane 38 

foulants, such as natural organic matter, than conventional PAC and a precoat layer 39 

formed by SSPAC on the membrane surface retards membrane fouling. This study 40 

investigated the effects of the filtration flux during precoating, the timing of coagulant 41 

dosing, and the types of coagulants on the suppression of TMP rise by pulse-dosed SSPAC. 42 

The TMP rise was insensitive to the filtration flux during precoating. However, the 43 

efficacy of the SSPAC was sensitive to the use of the coagulant polyaluminum-chloride 44 

(PACl). Unlike pulse dosing of SSPAC, pulse dosing of coagulant led to excessive 45 

aggregation and settling of SSPAC and insufficient formation of a precoating layer. The 46 

best filterability was achieved when the coagulant was dosed continuously in the entire 47 

operation period. It is also effective to use treated water for feeding during the preparation 48 

stage. For sulfated PACl, high basicity (70%), with its high charge neutralization capacity, 49 

was preferred to medium basicity (50%). Meanwhile, the TMP rise was more effectively 50 

suppressed by non-sulfated PACl with a low-to-medium basicity (20–40%) than zero or 51 

high basicity (70%). This behavior was explained by the fact that, as the basicity increases, 52 

hydrolysis of the coagulants is lessened, but the charge neutralization effect becomes 53 

stronger.  54 
 55 
 56 
Keywords: microfiltration, membrane fouling, precoat, polyaluminum chloride, basicity, 57 
water treatment 58 
 59 
  60 



1. Introduction 61 

 62 

During the membrane filtration process in drinking water treatment, natural organic 63 

matter (NOM) accumulates on/inside the membrane surface, clogs/constricts the 64 

membrane pores, and gradually fouls the membrane. The accumulation of NOM 65 

decreases filterability (increases transmembrane pressure [TMP] in the case of a constant 66 

filtration flux) and makes the filtration process consume more energy [1–3]. It has 67 

recently been reported that a hydrophilic fraction of the NOM with molecular weights of 68 

more than 10,000 Da (also known as biopolymer) is the major contributor to membrane 69 

fouling [4–7]. It is therefore necessary to protect the membrane from foulants, in 70 

particular biopolymers, during the filtration process to prevent a decrease of filterability 71 

and to reduce the energy consumed during the filtration operation. A pretreatment method 72 

that involves powdered activated carbon (PAC, median diameter 10–30 µm) adsorption 73 

combined with coagulation treatment has proven to be effective in removing NOM and 74 

mitigating membrane fouling and has been widely applied in the practice of full-scale 75 

treatment plants [8–11]. Although combining PAC adsorption with coagulation certainly 76 

has a positive effect, more studies are required to increase the efficiency of membrane 77 

fouling mitigation and reduce the energy consumed during filtration.  78 

Coating membrane surfaces to mitigate membrane fouling has been widely studied in 79 

some areas of water treatment [12–15], but there have been few studies of coating with 80 

inexpensive materials applicable to drinking water treatment [16,17]. It has recently been 81 

reported that grinding normal PAC into a submicron size (median diameter 200 nm) can 82 

greatly increase its capacity to adsorb NOM (especially biopolymer), and when 83 

submicron-sized PAC (SSPAC) is dosed in a pulse at the beginning of each filtration in a 84 

submerged membrane system, a precoating layer of SSPAC forms on the membrane 85 

surface as the filtration proceeds. This precoating layer protects the membrane by 86 

enhancing its adsorption capacity and straining ability versus ordinary PAC and thereby 87 

mitigating the membrane fouling [18,19]. Furthermore, the introduction of a coagulant 88 

eliminates the concern that SSPAC itself may foul the membrane [18]. In fact, the 89 

precoating layer can be easily peeled off by periodic hydraulic backwashing [18]. 90 

However, this mitigation of membrane fouling by pulse dosing of SSPAC with a 91 

coagulant has been studied under only one condition: pulse dosing of SSPAC at the 92 



beginning, continuous dosing of one type of polyaluminum-chloride (PACl) coagulant 93 

with a high basicity (70%) during the filtration period, and one constant filtration flux. 94 

The effects of the timing of coagulant addition and the filtration flux for precoating have 95 

not been explored. Moreover, it is reasonable to infer that the type of coagulant would 96 

also influence the degree of mitigation of membrane fouling when coagulation 97 

pretreatment is combined with pulse dosing of SSPAC because coagulation pretreatment 98 

is considered to be effective in mitigating membrane fouling, and the pretreatment 99 

efficiency is highly dependent on the type of coagulant [20–22].   100 

The goal of this study was to investigate ways to add SSPAC and coagulant in order 101 

to mitigate membrane fouling and suppress TMP rise during filtration in a submerged 102 

membrane system. We conducted experiments that involved filtering river water with 103 

periodic backwashing, and we investigated how the flux during the precoating period, 104 

dose timing of PACl, and the basicity of the PACl influenced the rise of TMP.  105 

 106 

2. Materials and methods 107 

 108 

2.1. Water samples 109 

 110 

Water from the Wanigawa River (Wanigawa Water Purification Plant, Ibaraki, Japan) 111 

was sampled in May and November of 2019 (Designated as Water-1 and Water-2, 112 

respectively) and 2020 (Water-3 and Water-4, respectively). The water was transported to 113 

the laboratory and stored at a temperature of 4 °C. Raw water for experiments was 114 

prepared by returning the temperature to 20 °C and passing the water through a coarse 115 

filter with a pore size of 10 μm (coated cellulose acetate membrane filter, Toyo Roshi 116 

Kaisha, Ltd., Tokyo, Japan) to remove large particles. 117 

Concentrations of dissolved organic carbon (DOC), biopolymer, humic substances, and 118 

ultraviolet absorbance at 260 nm (UV260) were used to characterize the water quality of 119 

the filtrates and raw water (after being pre-filtered through a 0.45-µm PTFE membrane). 120 

The DOC concentration was measured with a TOC analyzer (Model 900, Sievers 121 

Instruments, Boulder, CO, USA). The UV260 was measured using a UV 122 

spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). A high-performance liquid 123 



chromatography (HPLC) system (1100 series, Agilent Tech, Tokyo, Japan) consisting of 124 

a single column (Toyopearl HW-50S, 250 mm × 20 mm, Tosoh Inc., Tokyo, Japan), an 125 

injection system (flux of 1.2 mL/min), a UV detector, and a TOC analyzer (M9e, Central 126 

Kagaku Corp., Tokyo, Japan) was configured to measure the concentrations of 127 

biopolymer and humic substances in the DOC [5]. Table 1S of the Supplementary 128 

Information (SI) shows the water quality metrics. 129 
 130 

2.2. Activated carbon 131 
 132 

Activated carbon was prepared by the same procedure used in a previous study to 133 

ensure consistency of experimental conditions [18]. A wood-based PAC (Taiko-W, 134 

Futamura Chemical Co., Ltd., Nagoya, Japan) with a median diameter (D50) of 12 µm 135 

was mixed with pure water (Milli-Q water, Merck KGaA, Darmstadt, Germany) to make 136 

a PAC slurry with a PAC concentration of 15% (w/w). The slurry was milled in a closed 137 

chamber filled with alumina balls for 6 h to reduce the D50 to less than 4 µm. The 138 

resultant slurry was ground with a bead mill filled with 0.2-mm-diameter beads for 2 h 139 

(LMZ015, Ashizawa Finetech, Ltd., Chiba, Japan) to obtain SSPAC with a D50 of 200 140 

nm. 141 

The SSPACs were mixed with a dispersant (Triton X-100, Kanto Chemical Co., Inc., 142 

Tokyo, Japan) and sonicated, then their particle sizes were measured with a laser-light-143 

scattering instrument (Microtrac MT3300EXII, Nikkiso Co., Inc., Tokyo, Japan) [23]. 144 

Figure 1S of the SI shows the size distributions of the SSPACs. 145 

 146 

2.3. Coagulants 147 

 148 

Sulfated polyaluminum chloride (PACl) coagulants with a basicity of 50% and sulfate 149 

ion content of 3% w/w (PACl-B50S) or basicity of 70% and sulfate ion content of 2% 150 

w/w (PACl-B70S) were obtained from a coagulant manufacturer (Taki Chemical Co., 151 

Hyogo, Japan). Non-sulfated coagulants with basicities of 0%, 20%, 40%, 50%, and 70% 152 

(designated as PACl-B00, -B20, -B40, -B50, and -B70, respectively) were produced in 153 

the authors’ laboratory by using basically the same method used to produce the PACl-154 

B70S and B50S (Al(OH)3 dissolution method) [24]. The AlCl3 H2O solution was mixed 155 



with Al(OH)3 powder (Guaranteed Reagent, FUJIFILM Wako Pure Chemical 156 

Corporation, Osaka, Japan) and heated in a microwave labstation (ETHOS TC, Milestone 157 

S.r.l., Sorisole (BG), Italy) at 150 °C for 3 h. The solution was then centrifuged at 3000 158 

rpm (1140 g) for 10 min, and the supernatant was filtered through a 0.45-µm PTFE 159 

membrane filter (Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtrate was transferred to 160 

a bottle that was placed on a hot plate/magnetic stirrer at a rotation rate of 600 rpm and 161 

heated to a temperature of 75 °C. An amount of sodium carbonate (Guaranteed Reagent, 162 

FUJIFILM Wako Pure Chemical Corporation) calculated to produce the targeted basicity 163 

was dripped into the solution. The basicity was calculated with Eq. (1): 164 

 165 

Basicity (%)  =
[OH-]
3[Al]

×100                                                                        (1) 167 

 166 

where [Al] is the aluminum concentration measured with an inductively coupled plasma 168 

mass spectrometer (ICPMS, 7700x, Agilent Technologies, Inc., Santa Clara, Ca, USA), 169 

and OH− is the concentration of hydroxyl groups calculated from the mass balance of 170 

Al(OH)3 and titrated sodium carbonate. Table 2S of the SI shows the conditions 171 

maintained during production of the coagulant.   172 

 173 

2.4. Submerged membrane filtration with coagulant and SSPAC dosing 174 

 175 

2.4.1 Experiment setup 176 

Figure 1 shows the experiment setup, which was unchanged from a previous study 177 

[18]. Raw water was fed by a peristaltic pump at the flow rate of 0.64 mL/min into a static 178 

mixer, and coagulants were fed through another line at a flow rate of 0.07 mL/min. The 179 

coagulant dosage was 2 mg-Al/L. After a dose of coagulant, NaOH was injected into the 180 

line to bring the pH to 7.5, and the water flowed into a submerged tank where a hollow 181 

fiber PVDF (polyvinylidene fluoride) membrane with a 0.1-µm pore size (Asahi Kasei 182 

Corp., Tokyo, Japan) was suspended. The membrane was sealed at one end so that suction 183 

pressure at the other end resulted in filtration. The suction pressure was recorded by a 184 

digital pressure meter (GC61, Nagano Keiki Products, Tokyo, Japan), and the water 185 

temperature was measured with a digital thermometer (LR5011, Hioki E.E. Corp., 186 



Nagano, Japan). Filtration was conducted at a constant flux of 1.7 m/day (70.8 L m−2 h−1) 187 

except for the initial period of filtration. Backwashing was conducted with pure water 188 

every 7 or 12 hours with a peristaltic pump at 50 kPa. After backwashing followed by 189 

drainage, the next round of filtration was begun. SSPAC was dosed in a pulse at the 190 

beginning of each filtration at a dosage of 5 mg/L. Dosage was equated to the mass of 191 

SSPAC divided by the volume of treated water. The experiments were conducted at a 192 

controlled temperature of 20 °C, and the filtrates were sampled with a fraction collector 193 

for water quality analysis. 194 

 195 

2.4.2 Filtration with changing precoat filtration flux  196 

The filtration flux at the beginning of the filtration period (= precoat filtration flux in 197 

this study) and the filtration flux during the remainder of the filtration (main filtration 198 

flux) were considered separately. The duration of the precoat filtration (precoating period) 199 

was equated to the hydraulic retention time of the submerged tank, so that the precoating 200 

period was inversely proportional to the precoat filtration flux (Fig. 2S, SI). The precoat 201 

filtration flux was set to 50%, 100%, 200%, 300%, 400%, 500%, or 633% of the main 202 

filtration flux (1.7 m/day) (Fig. 3S, SI). These runs were designated as PF-50%, etc., 203 

where the percentage indicates the precoat filtration flux as a percentage of the main 204 

filtration flux. In some experiments, a portion of the water in the submerged tank was 205 

sampled right after the SSPAC dose and before initiation of precoating. Another portion 206 

was sampled at the end of precoating. The turbidities of the water samples were measured 207 

after a one-min sonication. Precoating efficiency was defined as the SSPAC on the precoat 208 

divided by the total amount of dosed SSPAC and was estimated as 1.0 minus the ratio of 209 

turbidity after/before precoating. It was assumed that SSPAC was mainly responsible for 210 

the turbidity.    211 

 212 

2.4.3 Filtration with changing coagulant dose timing 213 

The timing of the coagulant dose was changed in some experiments as follows (Figure 214 

2): 215 

Dose-1: coagulant was dosed in a pulse immediately after pulse dosing of SSPAC 216 

but was not dosed after that during the filtration. 217 

Dose-2: coagulant was continuously dosed during the preparation period (water was 218 



fed into the submerged tank for the start of filtration) and for 1 h after the start 219 

of filtration but was not after that during the filtration. 220 

Dose-3: coagulant was continuously dosed for only 1 h after the start of filtration 221 

(it was not dosed at other times). 222 

Dose-4: coagulant was dosed during the whole period (preparation and filtration 223 

periods). 224 

Dose-5: coagulant was dosed only during the filtration period (not fed during the 225 

preparation period). 226 

 227 

The dosage of coagulant was controlled so that the dose divided by the volume of 228 

treated water was constant and equal to 2 mg-Al/L.  229 

 230 

3. Results and discussion 231 

 232 

3.1． Effects of precoat filtration flux on TMP rise 233 

 234 

Figure 3 shows changes of TMP in the filtration experiments with a changing precoat 235 

filtration flux wherein the filtration flux was decreased/increased after pulse dosing of 236 

SSPAC and then restored to the original filtration flux. In the A series run (Panel A of Fig. 237 

3: the dosages of SSPAC and coagulant were 5 mg/L and 2 mg-Al/L, respectively), the 238 

PF-50% resulted in the smallest TMP rise. PF-100% resulted in the second-lowest TMP 239 

rise for the first 24 hours, but the PF-400% and 100% resulted in the second-lowest TMP 240 

rise at 48-h. For comparison, panel A of Fig. 4S of the SI shows the TMP rise due to 241 

hydraulically irreversible fouling, i.e., the difference of the TMPs at the beginning of two 242 

consecutive batches of filtration with backwashing in between. The TMP rise due to 243 

hydraulically irreversible membrane fouling was the lowest in the experiment with the 244 

lowest initial filtration flux (PF-50%), followed by PF-100% and PF-400%. The TMP 245 

rises due to hydraulically irreversible membrane fouling were high in the four runs with 246 

precoat filtration fluxes that exceeded 100% (PF-200%, 300%, 500%, and 633%), except 247 

for PF-400%. In the B series of runs (Panel B of Fig. 3 and Panel B of Fig. 4S: the dosages 248 

of SSPAC and coagulant were 1 mg/L and 1 mg-Al/L, respectively), the TMP rose more 249 



rapidly than in the A series because the lower dosages of SSPAC and coagulant more 250 

likely caused membrane fouling. Neither PF-50% nor 100% was found to be superior in 251 

suppressing TMP rise when compared with PF-200% and 300%. The data from all runs 252 

are shown in Fig. 5S of the SI. 253 

The slower and constant precoat filtration fluxes (PF-50% and 100%) seemed to be 254 

effective when the addition of SSPAC and coagulant was sufficient to basically mitigate 255 

membrane fouling. Then, additional experimental runs were conducted to compare PF-256 

50% and 100%. In these experiments, the amounts of filtered water were adjusted so that 257 

they were the same by slightly (by 5.2%) prolonging the filtration time of the PF-50% 258 

run. The same filtration time would have resulted in slightly different filtration volumes 259 

between the low and high precoat filtration fluxes and might have caused different 260 

degrees of membrane fouling. Panel A of Fig. 6S of the SI shows that PF-50% suppressed 261 

TMP rise slightly more than PF-100%, but the difference was small. There was almost no 262 

significant difference in the TMP rise due to hydraulically irreversible fouling between 263 

PF-50% and 100% (Panel B of Fig. 6S of the SI).  264 

Overall, the experimental results were not completely consistent, but they suggested 265 

that a high precoat filtration flux did not help to suppress a TMP rise. High precoat 266 

filtration fluxes have been thought to result in faster formation of a precoating layer that 267 

would protect the membrane from fouling, but the actual TMP rise was similar to or 268 

higher than the TMP rise with a lower precoat filtration flux. Unlike continuous dosing, 269 

pulse dosing of SSPAC created an overdose at the beginning of filtration so that more of 270 

the NOM that caused membrane fouling was adsorbed by the SSPAC (Fig. 7S, SI). With 271 

pulse dosing of SSPAC, therefore, the water in the submerged tank before the start of 272 

filtration seems to have a low concentration of biopolymers, etc. In this sense, it may be 273 

possible to further prevent membrane fouling due to NOM if filtrate (treated water) 274 

instead of the raw water is returned to the submerged tank during the preparation period 275 

before filtration begins. Filtration experiments were therefore conducted in which raw 276 

water or filtrate was treated similarly by coagulation and SSPAC and then fed to the 277 

submerged tank for starting membrane filtration membrane (Dose-4 in Section 2.4.3). 278 

After filtration started, the raw water was fed to the submerged tank in both experiments, 279 

but to equalize net membrane-filtered water production the filtration time was prolonged 280 

by 5.2% when filtrate had been returned than when raw water had been normally fed. The 281 



results are shown in Figure 4 (Fig. 8S of the SI). Two runs were conducted, but in both 282 

runs, the TMP rise of irreversible fouling was lower when the submerged tank was 283 

initially fed with filtrate than raw water, indicating that less NOM concentration during 284 

precoating period helps prevent membrane fouling. However, this approach (returning 285 

filtered water to the feed side) is not efficient in water production, and its application 286 

should be considered in practice with this in mind. 287 

On the other hand, the mechanism that explains why a higher precoat filtration flux 288 

did not mitigate membrane fouling efficiently could be related to the portion of the precoat 289 

layer that was tightly attached to the membrane rather than to NOM fouling. Formation 290 

of a precoat layer that can be removed by backwashing is considered to be a key factor 291 

that suppresses TMP rise [18]. Another explanation might be related to the absence of a 292 

relationship between precoating efficiency and precoat filtration flux inferred from the 293 

fact that the precoating efficiencies of SSPAC in PF-100% and 300% were almost the 294 

same (~60%), as shown in Fig. 9S of the SI. In addition, the fact that the entire amount 295 

of pulse-dosed SSPAC was not applied for precoating might be related to the affinity of 296 

the SSPAC for the membrane. A slow precoat filtration flux may be effective in 297 

suppressing a TMP rise, but it was not effective, for example, when the SSPAC and 298 

coagulant dosages were low. Reducing the precoat filtration flux causes the precoat layer 299 

to not be very tightly bound to the membrane and thereby facilitates removal during 300 

backwashing. However, the longer time required for completion of precoating by SSPAC 301 

deposition increases the time during which the membrane is exposed to foulant. This 302 

problem is more likely to be troublesome when the SSPAC and coagulant dosages are 303 

low. 304 

   305 

3.2． Effects of coagulant dose timing on TMP rise 306 

 307 

Figure 5 shows the rise of the TMP with time in experiments at different coagulant doses. 308 
Experiments at each dose were conducted 2–4 times, and Fig. 5 shows the average values 309 
(Fig. 10S in the SI shows all the data). The TMP rise without SSPAC and coagulant dosing 310 
reached 40 kPa after 28 hours (Control in Fig. 10S, SI). The TMP rose to 22 kPa after the 311 
same filtration time with pulse dosing of coagulant after pulse dosing of SSPAC (Dose-1 312 
in Fig. 2). Continuous dosing of coagulant for only one hour from the start of filtration 313 



(Dose-3) resulted in a 10-kPa TMP rise. The rise of the TMP was only around 5 kPa in 314 
the three cases of (i) continuous, short-term dosing of coagulant when water was fed to 315 
the submerged tank and for one hour after the start of filtration (Dose-2), (ii) continuous 316 
dosing of coagulant while water was fed to the submerged tank and during the whole 317 
filtration period (Dose-4), and (iii) continuous dosing of coagulant during only the 318 
filtration period (Dose-5). Continuous dosing of coagulant while water was fed to the 319 
submerged tank throughout the whole filtration period (Dose-4) was the most effective 320 
way to constrain the TMP rise among all the dosing methods. The fact that the increase 321 
in TMP at Dose-2, 3, 4, and 5 was much lower than at Dose-1 (0.8 kPa/h), and the 322 
difference between Dose-2 (0.2 kPa/h), 3 (0.37 kPa/h), 4 (0.16 kPa/h), and 5 (0.24 kPa/h) 323 
was small, means that the addition of coagulant in the early stages of filtration (the initial 324 
1 hour) was important in preventing the increase in TMP. Furthermore, the low TMP 325 
increase at Dose-2 and 4 suggests that it is also effective to add coagulant before the start 326 
of filtration. From these results, it was interpreted that the initial coagulation treatment 327 
contributes to the precoat layer formed in the early stages of filtration, which is easily 328 
detached by hydraulic backwash.  329 

Figure 6 shows the concentrations of biopolymers and humic substances in the 330 
filtrates. Biopolymers and humic substances were mostly removed by filtration with or 331 
without SSPAC and coagulant dosing, meaning that these were retained in the submerged 332 
membrane tank. They probably accumulated on/inside and fouled the membrane leading 333 
to rapid TMP rise when SSPAC and coagulant were not dosed. Where they are held in the 334 
membrane-submerged tank is important for membrane fouling, but their removal rate and 335 
the degree of membrane fouling are not directly related. Dose-4 achieved better removal 336 
of biopolymers than any other method. In the case of humic substances, however, there 337 
were no significant differences among the dose methods. The success of Dose-2 338 
(continuous, short-term dosing of coagulant) indicated that dosing of coagulant in the 339 
early stages of filtration (but not pulse dosing) was effective, and coagulant dosing could 340 
be omitted in the latter stages of filtration. 341 

PACl is effective in removing hydrophobic matter composed of large molecules 342 

[25,26], and SSPAC has been reported to have a large capacity to adsorb onto DOC, 343 

especially biopolymers [18]. The combination of SSPAC along with coagulation is 344 

therefore expected to be effective in suppressing a rise of TMP due to multiple effects. 345 

After SSPAC is dosed in a pulse at the beginning of each filtration process, a precoating 346 

layer is formed on the membrane surface, and the precoating strains out a portion of 347 

foulants [18]. However, when the coagulant was dosed in a pulse as SSPAC, we observed 348 



deposition of many black floc particles at the bottom of the tank, as shown in the 349 

photograph of the submerged tank taken during filtration (Fig. 11S, SI). High 350 

concentrations of coagulant led to excessive coagulation of SSPAC, the settling of SSPAC 351 

to the bottom of the tank, and finally to the suppression of SSPAC from forming a precoat. 352 

The investigation of coagulant dose timing indicated that continuous dosing of coagulant 353 

during the feeding of water into the submerged tank and throughout the whole filtration 354 

period did the best job of suppressing a TMP rise. Another point to note here (Fig. 5) is 355 

that (i) the continuous dosing of coagulant during the feeding of water into the submerged 356 

tank and for one hour after the start of filtration and (ii) the continuous dosing of coagulant 357 

during only the filtration period were similarly effective in suppressing a rise of TMP. 358 

This result indicated that providing sufficient coagulant during the formation of the 359 

SSPAC precoating layer could help to eliminate the side effect of hydraulically 360 

irreversible fouling caused by the strong bonding between the SSPAC precoating layer 361 

and the membrane. Coagulation dosing during the period of water feeding (Dose-2 and 362 

Dose-4 in Fig. 2) was therefore necessary to ensure formation of a loose, porous 363 

precoating layer.     364 

 365 

3.3． Effects of coagulant (PACl) types on TMP rise 366 

 367 

Sulfated PACl (B50S and B70S) and non-sulfated PACl with a variety of basicities 368 

(B00, B20, B40, B50, and B70) were used in the experiments with pulse dosing of SSPAC 369 

and continuous PACl dosing (Dose-4). Figure 7 compares the TMP rises. PACl-B70S led 370 

to a 16-kPa rise of TMP during filtration, a rise that was much less than the 40-kPa rise 371 

when PACl-B50S was used. The implication is that the sulfated PACl with a higher 372 

basicity suppressed the rise of TMP much more effectively. This result is in accordance 373 

with a previous finding for ceramic filtration that high-basicity (71%) sulfated PACl 374 

performs better than normal basicity (51%) sulfated PACl in mitigating hydraulically 375 

irreversible fouling and suppressing a rise of TMP as well as in removing NOM because 376 

of its high charge neutralization capacity [27].  377 

The non-sulfated PACls suppressed a rise of TMP in the order B20 ≈ B40 > B50 > 378 

B00 > B70, though the differences were small compared with that observed with the 379 



sulfated PACls. Higher basicity did not help to suppress a rise of TMP. Figure 8 shows 380 

the concentrations of DOC, UV260, biopolymers, and humic substances. The removal 381 

rates of DOC, UV260, and humic substances were 30–40% between the raw water and 382 

filtrates for all the PACls. Differences of basicity between the in-house PACls did not 383 

result in any difference in the quality of these filtrates. The removal rates of biopolymers 384 

exceeded 90%, regardless of the basicity of the PACls, although biopolymer removal was 385 

slightly better with B20 than with the others. Because the differences of the TMPs were 386 

not large, the differences of water quality might have been difficult to see. 387 

A comparison of sulfated and non-sulfated PACls revealed that the sulfated, high-388 

basicity PACl (PACl-B70S) was superior to the non-sulfated, high-basicity PACl (PACl-389 

B70), but the sulfated, normal-basicity PACl (PACl-B50S) was inferior to the non-390 

sulfated, normal-basicity PACl (PACl-B50). The sulfated, high-basicity PACl (70%) and 391 

the none-sulfated, low-to-medium-basicity PACls (20% and 40%) showed the best 392 

performance. It has been reported that the non-sulfated, high-basicity PACl has a high 393 

charge-neutralization capacity but a low floc-formation ability because of its low rate of 394 

hydrolysis [28]. It is therefore not surprising that the non-sulfated, high-basicity PACl 395 

(PACl-B70) was less effective in suppressing TMP rise than the sulfated, high-basicity 396 

PACl (PACl-B70S). However, the hydrolysis rate increases with decreasing basicity [28]. 397 

Therefore, the non-sulfated, normal-basicity PACl suppressed TMP rise better than the 398 

non-sulfated, high-basicity PACl with decreasing basicity, although the charge 399 

neutralization capacity decreases with decreasing basicity [29]. The inferiority of the 400 

zero-basicity PACl (aluminum chloride solution) is probably due to its very low charge-401 

neutralization capacity. The inferiority of the sulfated, normal-basicity PACl (PACl-402 

B50S) compared to the non-sulfated, normal-basicity PACl (PACl-B50) could be 403 

explained by the fact that a sulfated PACl has a lower charge neutralization capacity than 404 

a non-sulfated PACl [30]. The higher the basicity of the sulfated PACl, the greater the 405 

charge-neutralization effect [31], and thus the greater the suppression of TMP rise. Even 406 

though the charge neutralization effect of the non-sulfated PACl increased with increasing 407 

basicity, its rate of hydrolysis would become relatively low [29,32]. Among non-sulfated 408 

PACls, therefore, those with medium basicity would probably be most effective in 409 

suppressing TMP rise, but the difference in effectiveness would probably be small. To 410 

further investigate the effectiveness of different PACls, we conducted a batch experiment 411 



to reproduce conditions inside the submerged tank and measured floc particle sizes 412 

associated with different types of PACls. Figure 12S and Fig. 13S of the SI show the 413 

results. The sizes of the floc particles associated with the PACls were not very different. 414 

Flocs that form rapidly and consist of large particles are considered to have a better 415 

coagulation effect [28] that might be related to better suppression of TMP rise. However, 416 

the floc particle measurements and observations during application of PACls with 417 

different basicities were not consistent with the increases of the TMP in the filtration 418 

experiments. Further studies are needed not only on the size of floc particles but also on 419 

membrane foulants and their removability as a function of coagulant properties. 420 

 421 

4. Conclusions 422 

 423 

(1) Changing the precoat filtration flux after pulse dosing of SSPAC did not have a 424 

significant effect on suppression of TMP rise. However, a slow or constant flux rather 425 

than a high flux is recommended to suppress TMP rise because the precoat layer that 426 

is formed can be cleaned off by hydraulic backwashing more easily.  427 

(2) Dosing with PACl throughout the raw water feed and the whole filtration process was 428 

the most effective of the various dosing schedules for suppressing TMP rise. While 429 

pulse dosing of SSPAC was effective in suppressing TMP rise, pulse dosing of PACl 430 

coagulant was not because it resulted in excessively large floc particles that settled to 431 

the bottom of the membrane tank, where they influenced the formation of the precoat 432 

layer. 433 

(3) Feeding the submerged tank initially with treated water before filtration began was 434 

more effective in suppressing TMP rise than normally applying raw water by 435 

minimizing contact between NOM and the membrane surface during the precoating 436 

period. 437 

(4) A sulfated PACl with high basicity (70%) seemed to be more effective in suppressing 438 

a rise of TMP than one with medium-basicity (50%). However, for non-sulfated 439 

PACls, low-to-medium-basicity PACls (20% and 40%) more effectively suppressed 440 

TMP rise than PACls with basicities of 0% and 70%.  441 

 442 

  443 
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Fig. 1. Experimental setup for submerged filtration. 544 
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Fig. 2. Dose timing of coagulant. 550 
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 562 
 563 

Fig. 3. Transmembrane pressure (TMP) versus filtration time. Submicron super-fine 564 
powdered activated carbon (SSPAC) was dosed every 12 hours in a pulse at the beginning 565 
of each cycle of filtration after the backwash. After the pulse dose of SSPAC, filtration 566 
was conducted at the precoat filtration flux, and then the filtration flux was returned to 567 
the main filtration flux of 1.7 m/day (70.8 L m−2 h−1). For example, in the PF-50% run, 568 
the precoat filtration flux was 50% of the main filtration flux. PACl-B70S coagulant was 569 
dosed continuously (Dose-4 in Fig. 2, Section 2.4.3). SSPAC-1 and Water-2 were used in 570 
Panel A and SSPAC-2 and Water-3 were used in Panel B. The SSPAC and coagulant 571 
dosages were 5 mg/L and 2 mg-Al/L, respectively, in Panel A and 1 mg /L and 1 mg-Al/L, 572 
respectively, in Panel B. Panel A: experiments were conducted three times with PF-100% 573 
and twice with PF-300% and PF-633% for reproducibility. The average values were then 574 
calculated. Panel B: experiments were conducted two or three times for each condition, 575 
and the average values were then calculated (Fig. 5S in the SI shows all data). 576 
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     591 
 592 
Fig. 4. Comparison of transmembrane pressure (TMP) rises due to hydraulically-593 
irreversible membrane fouling, which was determined as the differences of the initial 594 
TMPs of two consecutive batches of filtration process with backwashing in between by 595 
two methods (submerged tank was fed with raw water or treated water before the filtration 596 
begin). The changes of TMP against time are shown in Fig. 8S, SI.  597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 606 
 607 
 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 

(1)

0

1

2

3

4

5

Initially filled with
raw water

Initially filled with
filtrate

Initially filled with
raw water

Initially filled with
filtrate

TM
P 

ris
e 

(k
Pa

)

Cycle 5 - Cycle 4
Cycle 4 - Cycle 3
Cycle 3 - Cycle 2
Cycle 2 - Cycle 1

First run Second run



 621 
 622 

Fig. 5. Transmembrane pressure (TMP) versus filtration time. Submicron super-fine 623 
powdered activated carbon (SSPAC) was dosed every 7 hours in a pulse at the beginning 624 
of each cycle of filtration after the backwash. The Control data indicate the results of the 625 
control experiment without dosing of SSPAC or coagulant. The dose methods are 626 
explained in Section 2.4.3 and Fig. 2. The filtration rate was 1.7 m/day (70.8 L m−2 h−1). 627 
The reagents were PACl-B70S, SSPAC-1, and Water-1. The SSPAC and coagulant 628 
dosages were 5 mg/L and 2 mg-Al/L, respectively. 629 
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 636 
 637 
Fig. 6. Box-and-whisker plots of concentrations of biopolymer and humic substances in 638 
raw water and filtrates. Dosing of submicron super-fine powdered activated carbon 639 
(SSPAC) and coagulant were omitted in the Control experiment. SSPAC was dosed every 640 
7 hours in a pulse at the beginning of each batch of filtration after the backwash. The 641 
reagents were PACl-B70S, SSPAC-1, and Water-1. The SSPAC and coagulant dosages 642 
were 5 mg/L and 2 mg-Al/L, respectively. The dose methods are explained in Section 643 
2.4.3 and Fig. 2. Horizontal lines within boxes represent median values, the upper and 644 
lower horizontal lines in the boxes represent the 75th and 25th percentiles, respectively. 645 
The upper and lower bars outside the boxes indicate the maximum and minimum values, 646 
respectively. 647 
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 655 
 656 

Fig. 7. Transmembrane pressure (TMP) versus filtration time. Submicron super-fine 657 
powdered activated carbon (SSPAC) was dosed every 12 hours in a pulse at the beginning 658 
of each batch of filtration after the backwash. The experiments were conducted by using 659 
various coagulants (Section 2.3) by the Dose-4 method described in Section 2.4.3. In 660 
Panel A, commercially available polyaluminum chlorides (PACl) with basicity of 50% 661 
(PACl-B50S) and 70% (PACl-B70S) with sulfate ions were used. In Panel B, in-house 662 
PACl with basicity of 0% (PACl-B00), 20% (PACl-B20), 40% (PACl-B40), 50% (PACl-663 
B50) and 70% (PACl-B70) without sulfate ions were used. Filtration rate was 1.7 m/day 664 
(70.8 L m−2 h−1). SSPAC-2 and Water-3 were used. SSPAC and coagulant dosages were 665 
1 mg /L and 1 mg-Al/L, respectively. 666 
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 670 
 671 
Fig. 8. Box-and-whisker plots of concentrations of dissolved organic carbon (DOC) 672 
(Panel A), UV260 (Panel B), biopolymers (Panel C) and humic substances (Panel D) in 673 
feedwater and filtrates. Sulfated polyaluminum chlorides (PACls) with a basicity of 70% 674 
(PACl-B70S) and non-sulfated PACls with different basicities were used (PACl-B00, B20, 675 
B40, B50, and B70). There are no data for PACl-50S because samples were unavailable. 676 
Submicron super-fine powdered activated carbon (SSPAC) was dosed using the Dose-4 677 
method (Section 2.4.3 and Fig. 2) every 12 hours in a pulse at the beginning of each batch 678 
of filtration after the backwash. The reagents were SSPAC-2 and Water-3. The SSPAC 679 
and coagulant dosages were 1 mg /L and 1 mg-Al/L, respectively. Horizontal lines within 680 
boxes indicate median values, and the upper and lower horizontal lines in the boxes 681 
indicate the 75th and 25th percentiles, respectively. The upper and lower bars outside the 682 
boxes indicate the maximum and minimum values, respectively.  683 
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Table 1S  
Water quality.  
 

 pH DOC UV abs. at 260 nm Biopolymer Alkalinity Na+ 
  mg/L cm−1 mg/L mg/L as CaCO3 mg/L 

Water-1 7.62 2.66 0.060 0.0800 72.0 43.7 
Water-2 7.91 3.45 0.070 0.340 68.0 41.6 
Water-3 7.17 3.08 0.054 0.280 68.0 38.7 
Water-4 7.96 3.69 0.070 0.360 71.0 43.8 

 K+ Mg2+ Ca2+ Cl− NO3
− SO4

2− 
 mg/L mg/L mg/L mg/L mg/L mg/L 

Water-1 5.84 9.18 18.0 54.0 13.8 22.3 
Water-2 5.48 8.61 17.3 41.3 14.1 28.0 
Water-3 4.83 8.39 16.0 41.2 n/a 19.8 
Water-4 5.55 9.25 17.9 51.6 n/a 14.8 

 
Measurements other than pH were taken after membrane filtration (Water-1: 0.1-µm MCE (mixed cellulose ester) membrane. Water-2, Water-3 and 

Water-4: 0.45-μm PTFE (polytetrafluoroethylene) membrane). 

 
 
 
 
 



 
Table 2S  
Conditions during coagulant production. (Sodium carbonate was not added during the production of PACl-B00, B20, and B40 
for basicity adjustment.) 
 

Name of 
coagulants 

Adjustment of basicity  

 Temperature Time 2M sodium carbonate Al Cl/Al Na/Al Basicity 
 oC min mL mol/L   % 

PACl-B00    1.85 3.30  0 
PACl-B20    2.35 2.29  20 
PACl-B40    3.15 1.74  40 
PACl-B50 75 50 1.47 3.62 1.68 0.183 50 
PACl-B70 75 44 6.25 2.35 1.66 0.759 70 

 
 



 
 

Fig. 1S. Particle size distributions of submicron super-fine powdered activated carbon (SSPAC). Use of SSPAC-1 and SSPAC-
4 are discussed in Section 3.1, use of SSPAC-2 in Section 3.2, and use of SSPAC-3 in Section 3.3. 
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Fig. 2S. Change of precoat filtration flux against precoat time. The red dot indicates the main filtration flux (1.7 m/day 
corresponds to 0.71 mL/min in this figure). 
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Fig. 3S. Change of filtration flux against filtration time. Panels A, C, and D correspond to the experimental conditions of Fig. 
3. Panel B corresponds to Fig. 6S of the SI, where the filtration time has been slightly extended (dotted part) because the amount 
of filtered water was adjusted to be the same as in the case of PF-100%. PF indicates precoat filtration, and the percentage 
indicates the ratio of precoat filtration flux to main filtration flux. The dashed line indicates the end of the precoat period and 
the start of main filtration. 



 
Fig. 4S. Transmembrane pressure (TMP) rise due to hydraulically irreversible membrane fouling, which was determined as the 
differences of the initial TMPs of two consecutive batches of the filtration process with backwashing in between. Panel A and 
Panel B in this figure correspond to Panel A and Panel B of Fig. 3, respectively. Error bars indicate standard deviations. 
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Fig. 5S. Transmembrane pressure (TMP) versus filtration time. Submicron super-fine powdered activated carbon (SSPAC) was 
dosed in a pulse at the beginning of each batch of filtration after a backwash every 12 hours. After the pulse dosing of SSPAC, 
filtration was conducted at the precoat filtration flux, and then the filtration flux was returned to the main filtration flux of 1.7 
m/day (70.8 L m−2 h−1): for example, in the PF-50% run, the precoat filtration flux was 50% of the main filtration flux. The 
PACl-B70S coagulant was dosed continuously (Dose-4 in Fig. 2, Section 2.4.3). SSPAC-1 and Water-2 were used in Panel A, 
and SSPAC-2 and Water-3 were used in Panel B. SSPAC and coagulant dosages were 5 mg/L and 2 mg-Al/L in Panel A and 1 
mg /L and 1 mg-Al/L in Panel B, respectively. 
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Fig. 6S. Normalized transmembrane pressure (TMP/flux) versus filtration volume per membrane surface area (Panel A). TMP 
rise due to hydraulically irreversible membrane fouling, which was determined as the differences between the initial TMPs of 
two consecutive batches of filtration process with backwashing in between (Panel B). Submicron super-fine powdered activated 
carbon (SSPAC) was dosed at the beginning of each batch of filtration after a backwash every 12 hours. The experiments were 
conducted by using PACl-B70S with Dose-4 in Section 2.4.3. Filtration rate was 1.7 m/day (70.8 L m−2 h−1). SSPAC-4 and 
Water-4 were used. Coagulant and SSPAC dosages were 2 mg-Al/L and 5 mg/L. In Panel B, no significant difference in TMP 
was found between PF-50% and 100% (p > 0.05 based on a Student's t-test). 
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Fig. 7S. Removal rate and adsorption amount of biopolymer (Panel A) and humic substance (Panel B) as a function of AC 
dosage. Adsorption isotherm experiment was conducted at room temperature (20oC) for one week. 
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Fig. 8S. Transmembrane pressure (TMP) rise versus filtration time. Before filtration began, the submerged tank was filled with 
either coagulation-pretreated raw water or filtrate. SSPAC (submicron super-fine powdered activated carbon) was dosed in a 
pulse at the beginning of each batch of filtration after the backwash of every 12 hours. Filtration rate was 1.7 m/day (70.8 L m-

2 h-1). PACl-B70S, SSPAC-4, Water-4 were used. SSPAC and coagulant dosages were 5 mg/L and 2 mg-Al/L. 
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Fig. 9S. Precoating efficiency: SSPAC (submicron super-fine powdered activated carbon) attached to membrane expressed as 
percentage of dosed SSPAC. The experiments were conducted by using PACl-B70S with Dose-4 in Section 2.4.3. Filtration 
rate was 1.7 m/day (70.8 L m−2 h−1). SSPAC-2 and Water-3 were used. Coagulant and SSPAC dosages were 1 mg-Al/L and 1 
mg/L. 
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Fig. 10S. Transmembrane pressure (TMP) versus filtration time (Panel A). TMP rise due to hydraulically irreversible membrane 
fouling, which was determined as the differences between the initial TMPs of two consecutive batches of the filtration process 
with backwashing in between (Panel B). Submicron super-fine powdered activated carbon (SSPAC) was dosed in a pulse at the 
beginning of each batch of filtration after a backwash every 7 hours. Dose-1 indicates pulse dosing of coagulant right after pulse 
dosing of SSPAC. Dose-2 indicates continuous dosing of coagulant during both the water feeding of submerged tank and 1 h 
from the start of filtration. Dose-3 indicates continuous dosing of coagulant only during 1 h from the start of filtration. Dose-4 
indicates continuous dosing of coagulant during both the water feeding of submerged tank and the whole filtration period. Dose-
5 indicates continuous dosing of coagulant during filtration period only. The dose methods are explained in Section 2.4.3 and 
Fig. 2. Filtration rate was 1.7 m/day (70.8 L m−2 h-−1). PACl-B70S, SSPAC-1, and Water-1 were used. SSPAC and coagulant 
dosages were 5 mg/L and 2 mg-Al/L, respectively. Error bars indicate standard deviations among different runs. 
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Fig. 11S. Photographs of the submerged tank during filtration after the precoat period. The experiments were conducted by 
using PACl-B70S with Dose-1 for Panel A and Dose-4 for Panel B, as explained in Section 2.4.3 and Fig. 2. The filtration rate 
was 1.7 m/day (70.8 L m−2 h−1). SSPAC-1 and Water-1 were used. Coagulant and SSPAC dosages were 2 mg-Al/L and 5 mg/L, 
respectively. 
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Fig. 12S. Floc size versus coagulation time. Submicron super-fine powdered activated carbon (SSPAC) was pulse dosed into a 
beaker with the raw water and coagulants to reproduce the conditions inside the submerged tank in Section 2.4.1. After 1 min 
of rapid mixing, floc particle size was measured every 5 min. The samples were circulated during the experiment. Sulfated 
polyaluminum chlorides (PACls) with basicity of 50% and 70% (PACl-B50S and 70S) and non-sulfated PACls with different 
basicities were used (PACl-B00, B20, B40, B50). There are no data for PACl-B70 due to unavailability of samples. SSPAC-2 
and Water-3 were used. SSPAC and coagulant dosages were 1 mg /L and 1 mg-Al/L, respectively. 
 
Floc particle-size measurements were conducted using a 1-L beaker (640 mL raw water) connected to a particle-size analyzer 
(Microtrac MT3300EXII, Nikkiso Co., Inc., Tokyo, Japan). Measurements were taken in triplicate over a 20-second period, and 
the average value was recorded. Unlike typical measurements with a Microtrac particle-size analyzer, ultrasonication was turned 
off to avoid breakage of the floc particles. The beaker and particle-size analyzer were connected by a tube with a 7.9-mm inner 
diameter. A peristaltic pump circulated water to avoid floc breakage. A photograph of floc particles was taken with a digital, 
single-lens reflex camera (EOS 60D; Canon Ltd., Tokyo, Japan).  
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Fig. 13S. Photographs of the floc particles after the 15-min coagulation described in Fig. 12S, SI. Sulfated polyaluminum 
chlorides (PACls) with a basicity of 70% (PACl-B70S) and non-sulfated PACls with different basicities were used (PACl-B00, 
B20, and B40). No data for PACl-B50 and B70 due to unavailability of samples. The reagents were SSPAC-2 and Water-3. 
SSPAC and coagulant dosages were 1 mg /L and 1 mg-Al/L, respectively. 
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